MicroRNAs (miRNAs) as small non-coding RNAs play important roles in many biological processes such as development, cell signalling and immune response. Studies also suggest that miRNAs are important in host-virus interactions where the host limits virus infection by differentially expressing miRNAs that target essential viral genes. Here, we identified conserved and new miRNAs from Spodoptera frugiperda cells (Sf9) using a combination of deep sequencing and bioinformatics as well as experimental approaches. S. frugiperda miRNAs share common features of miRNAs in other organisms, such as uracil (U) at the 59 end of miRNA. The 59 ends of the miRNAs were more conserved than the 39 ends, revealing evolutionary protection of the seed region in miRNAs. The predominant miRNAs were found to be conserved among arthropods. The majority of homologous miRNAs were found in Bombyx mori, with 76 of the 90 identified miRNAs. We found that seed shifting and arm switching have happened in this insect's miRNAs. Expression levels of the majority of miRNAs changed following baculovirus infection. Results revealed that baculovirus infection mainly led to an overall suppression of cellular miRNAs. We found four different genes being regulated by sfr-miR-184 at the post-transcriptional level. The data presented here further support conservation of miRNAs in insects and other organisms. In addition, the results reveal a differential expression of host miRNAs upon baculovirus infection, suggesting their potential roles in host-virus interactions. Seed shifting and arm switching happened during evolution of miRNAs in different insects and caused miRNA diversification, which led to changes in the target repository of miRNAs.
INTRODUCTION
MicroRNAs (miRNAs) are small non-coding RNAs (18 to 25 nt) that are produced by all animals and plants as well as some viruses. Since the discovery of the first miRNAs, lin-4 and let-7, from Caenorhabditis elegans (Lee et al., 1993; Reinhart et al., 2000; Wightman et al., 1993) , hundreds of miRNAs have been identified to date (Kozomara & Griffiths-Jones, 2011) . Their roles have been revealed in many physiological processes including development, cancer, immunity, apoptosis and host-microorganism interactions through post-transcriptional regulation of gene expression (Asgari, 2011 (Asgari, , 2012 Fullaondo & Lee, 2012; Gomez-Orte & Belles, 2009; Lecellier et al., 2005; Yu et al., 2008) . It has been estimated that~30-75 % of different mRNA transcripts are regulated by miRNAs, with each miRNA potentially regulating hundreds of transcripts (Bartel, 2009) . miRNA genes are expressed mainly by RNA polymerase II in the nucleus forming the primary miRNA (pri-miRNA) (Cullen, 2006) . pri-miRNA is cleaved by Drosha to a 60-80 nt precursor miRNA (pre-miRNA) with multiple mismatches and bulges, which is then exported to the cytoplasm and cleaved by Dicer-1, generating an approximately 22 nt double-stranded miRNA (miRNA:miRNA* duplex; Winter et al., 2009) . Usually, miRNA* is degraded, and single-strand miRNA with a weaker 59 base pairing participates in binding to mRNA after it is recruited by RNA-induced silencing complex (RISC) proteins (Winter et al., 2009) . In contrast to plants, in which miRNAs usually pair nearly perfectly with target sites, in animals complementarity of miRNAs with their target sequences is partial (Pasquinelli, 2012) . Perfect pairing between a target and nucleotides 2-8 of the miRNA (seed region) usually plays a significant role in target recognition (Bartel, 2009 ).
Expression of cellular miRNAs is profoundly affected by viral infection (Hussain & Asgari, 2010; , which could be either due to host antiviral defences or viral factors modifying the host cell environment to facilitate replication (Cullen, 2009 ). Identification of differentially expressed miRNAs following infection is followed by identification of their potential targets in the micro-organism or the host genome using available tools (Rehmsmeier et al., 2004) .
Baculoviruses are a family of large rod-shaped viruses that mainly infect insects and have double-stranded DNA circular genomes ranging from 80 to 180 kb in size (Possee et al., 2010) . The most studied baculovirus is Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) with a 134 kbp genome coding 156 genes (Jehle et al., 2006) . Several studies have revealed differential expression of host genes in response to baculovirus infection either at the level of transcriptome (Breitenbach et al., 2011; Nobiron et al., 2003; Salem et al., 2011) or proteome (Carinhas et al., 2011; Popham et al., 2010) . Generally, most host genes are downregulated during infection, although a small number are upregulated. There is no comprehensive information, however, on cellular miRNA status in response to baculovirus infection. Recently, it was reported that a Bombyx mori nucleopolyhedrovirus (NPV)-encoded miRNA, which is expressed very late post-infection, hampers the biogenesis of its host miRNAs through interacting with Exportin-5 co-factor Ran (Singh et al., 2012) . Considering the prominent changes in host mRNA levels after baculovirus infection, and the role of miRNAs in regulation of gene expression, it is possible that baculoviruses may affect the host transcriptome through miRNA machinery. Here, we investigated differential expression of cellular miRNAs from an insect cell line (Sf9) derived from Spodoptera frugiperda upon AcMNPV infection. Using deep sequencing, we identified conserved and new miRNAs from S. frugiperda cells and their differential expression following baculovirus infection. We show that these miRNAs share common characteristics with other miRNAs, validating our procedure in identifying miRNAs. We also present further evidence for miRNA diversification through seed shifting and arm switching in insects.
RESULTS AND DISCUSSION

Small RNA deep sequencing
We used deep sequencing to identify miRNAs from S. frugiperda Sf9 cells and their expression levels following AcMNPV infection. Three small RNA libraries were constructed from mock and AcMNPV-infected (24 and 72 h p.i.) Sf9 cells. In total, 42 037 232 reads were obtained from the three libraries. Low quality reads, reads without a 39 adaptor, and reads with less than 15 bp after adaptor removal were discarded, which made up about 30 % of the total reads (Fig. 1a) . The total mappable reads (29 568 850 reads) were further screened, and as a result~30 % of these reads were discarded since they mapped to mRNAs, RFam, or Repbase and were considered as degradation products of mRNAs (Fig. 1b) . Reads without any hits (Nohit; 52.7 % of mappable reads) were also removed, and as a result 4 649 685 reads (397 conserved and potential miRNAs) remained. Comparison of the three libraries is shown in Table S1 (available in JGV Online). Most of the miRNAs mapped to B. mori pre-and mature miRNAs in miRBase and mapped to the B. mori genome (Table S1 ). This indicates that B. mori is a good model to predict miRNAs of S. frugiperda in the absence of a S. frugiperda genome sequence. We only considered those small RNAs with 17 or more nucleotides and more than 10 reads as sfr-miRs (107 of 397 conserved and potential miRNAs; Table 1 ). A list of those miRNAs with read numbers of less than 10 are shown in Table S2 .
The sequence length distribution in Sf9 mock-infected cells showed two peaks, one small peak around 18-22 nt, which is the typical length of mature miRNAs, and one bigger peak around 27 nt, which can be considered the size of Pelement induced wimpy testis (PIWI)-interacting RNAs (piRNAs; Fig. 2 ). The other two libraries (24 and 72 h p.i.) showed the same peaks around 20 nt and 27 nt; the higher peaks, however, shifted to 18-22 nt (Fig. 2) . Small RNA libraries from other insects have also been reported to be rich in miRNA and piRNAs (Cristino et al., 2011; Yu et al., 2008; Zhang et al., 2009) . piRNA is a distinct class of small RNAs that are larger than miRNA and small interfering RNA (siRNA). They are distinct from miRNAs in size (26-31 nt), lack of sequence conservation and are of increased complexity (Seto et al., 2007) . In addition, piRNA usually does not originate from hairpin-shaped precursors (different from miRNA) or double-stranded RNAs (difference with siRNA). piRNAs interact with piwi proteins and produce piRNA-induced silencing complex (piRISC) that can bind to RNAs in animal germ lines (Siomi et al., 2011) . These complexes have been shown to be associated with post-transcriptional gene silencing and epigenetics of retrotransposons and other genetic elements in germ line cells (Seto et al., 2007) . There is no report on piRNAs functions in host-pathogen interactions, and most studies have shown that these small RNAs are linked to germ cells (Siomi et al., 2011) . In contrast to miRNAs, which are shown to be more dominant in AcMNPV-infected cells (Fig. 2) , our results here show that piRNAs are more dominant in Sf9 mock-infected cells, which suggests that AcMNPV infection may suppress expression of piRNAs. Differential expression of piRNAs in response to AcMNPV infection could be due to either cellular response to viral infection or suppression of piRNA production by the virus, which remains to be investigated.
Predominant miRNAs of Sf9 cells are conserved miRNAs
We aligned filtered and mappable sequences to known miRNAs and miRNA* strands deposited in miRBase v19 and named them based on the most similar miRNA in the miRBase (Kozomara & Griffiths-Jones, 2011) . miRNAs detected by deep sequencing showed different read numbers (Fig. 3a) ; as mentioned earlier, we ignored reads of less than 10. In order to find homologous miRNAs in other insects, we tested the obtained miRNAs against genome assemblies of B. mori, Drosophila melanogaster, Aedes aegypti and Tribolium castaneum, using MapMi server (Guerra-Assunção & Enright, 2010) . The majority of homologous miRNAs were found in B. mori (Fig. 3b) ; in total, 76 of the 90 (83.5 %) identified miRNAs had a homologous miRNA in B. mori. Comparative sequence analysis with other insects showed that T. castaneum with 57 homologues (62.6 %) was more similar to S. frugiperda than to A. aegypti with 44 (48.3 %) and D. melanogaster with 32 (35 %) homologous miRNAs (Fig. 3b) . Although B. mori showed the highest number of homologous miRNAs, these results showed that S. frugiperda shares more homologous miRNAs with T. castaneum in comparison to flies (Fig. 3b, c) . Interestingly, we found that S. frugiperda shared seven miRNAs with mouse and five with human. It is worth noting that miR-184, miR-100, miR-10, miR-8* and miR-133 are common between insects and mammals.
To identify highly expressed miRNAs, we selected those miRNAs with read numbers higher than the mean number of reads (~7300) and considered them as predominant miRNAs. miR-184, bantam-3p, miR-100, miR-10 and miR-11 were identified as the top five predominant miRNAs in Sf9 cells (Table 1) . These miRNAs have also been reported to be highly expressed in other insects and seem to be conserved in insects (Rao et al., 2012; Rubio et al., 2012; . Let-7 and miR-1 are highly expressed in different insects (Rao et al., 2012; Rubio et al., 2012) ; however, the expression levels of these miRNAs were lower than the mean expression levels in the three Sf9 libraries (Table 1 ). The most highly expressed miRNAs in the three libraries were miR-184 and bantam, which are conserved miRNAs in insects . Indeed, these two miRNAs dominated the Sf9 libraries by~65 % of all miRNA reads. miR-184 is expressed ubiquitously in Drosophila embryos, larvae and adults, and it shows dynamic expression patterns during embryonic development (Aboobaker et al., 2005) . miR-184 is expressed both maternally and zygotically and is involved in the regulation of oogenesis and early embryogenesis. Loss of miRNA in Drosophila results in lack of egg production and defects in early embryogenesis (Iovino et al., 2009) . The conserved miRNA bantam is one of the most abundant insect miRNAs with no homologue in vertebrates. Bantam is a multifunctional miRNA which is involved in different cellular processes such as neurogenesis (Li & Padgett, 2012; Parrish et al., 2009) , apoptosis inhibition (Brennecke et al., 2003) , cell growth and development (Peng et al., 2009) , wing development (Becam et al., 2011) , circadian rhythm (Kadener et al., 2009 ) and stem cell maintenance in Drosophila ).
The S. frugiperda genome is not yet available. Since miRNA sequences are highly conserved between species, we mapped miRNAs from the Sf9 cells to the B. mori genome, a close species to S. frugiperda. Most of the identified miRNAs mapped to the B. mori genome with high identity. To see whether pre-miRNA sequences in S. frugiperda and B. mori showed similarity, we screened reported expressed sequence tags (ESTs) of S. frugiperda for the identified miRNAs in Table 1 . Interestingly, pre-miRNA sequences of miR-14 in S. frugiperda and B. mori, for example, showed a high level of identity (81 %; Fig. 3d ). Besides, the secondary structure of these two pre-miRNAs also showed a high level of similarity (Fig. 3e) , revealing evolutionary conservation : the filtered mappable reads that aligned with arthropod pre-miRNAs and the pre-miRNAs mapped to B. mori genome. Consists of reads that mapped to pre-or mature miRNAs from B. mori or other insects. G2: reads that mapped to arthropods pre-miRNAs, but the pre-miRNAs did not map to B. mori genome; however, the reads mapped to B. mori genome and extended sequences in B. mori genome potentially formed hairpins. G3: reads that mapped to arthropods pre-miRNAs, but the pre-miRNAs did not map to B. mori genome; however, the reads mapped to mature miRNAs from other insects. G4: reads that did not map to known arthropod pre-miRNAs but mapped to B. mori genome and extended sequences in the genomes potentially formed hairpins. G5: reads as in G4 that did not form hairpins. Nohit: reads that did not belong to G1"G5 were considered as Nohit. Others: mapped to mRNA, or other RNAs (RFam: rRNA, tRNA, snRNA, snoRNA and others) or mapped to Repbase. not only in the mature miRNA sequences, but also the pre-miRNA stem-loop. The sequence and position of the mature miRNA were the same. Indeed, all nucleotide differences of pre-miRNAs in S. frugiperda were outside the mature miRNA position (Fig. 3d, e) . Conservation of premiRNAs in closely related species has also been reported from other insects. In mosquitoes, for example, it was shown that all miRNAs and miRNA* strands cloned from A. albopictus cells could be mapped with 100 % identity to the A. aegypti genome .
Seed regions of identified miRNAs have less variability
Deep-sequencing reads aligned to a given miRNA showed variability in both 59 and 39 ends (Fig. 4a) . To see which end shows more variability, we counted nucleotide truncation (minus value) and addition (plus value) for both 59 and 39 ends of all identified miRNAs. Canonical miRNAs are shown by '0'. Most reads (64 %) showed exact alignment at the 59 end, although there was some variability, especially nucleotide truncation (Fig. 4a) . While 59 ends showed homogeneity, read alignments in 39 ends revealed high levels of heterogeneity, and~60 % of reads were found to be non-canonical (either nucleotide truncation or addition). Along with other reports (Lau et al., 2001; Ruby et al., 2007) , here we also confirmed that the 59 end of miRNAs was subjected to less variation than the 39 end. The 59 end of miRNAs contains the seed region (nt 2-8) which is very important for target recognition and specificity of miRNAs (Bartel, 2004) . Therefore, variation or alteration in this region could affect target recognition and even change the range of potential targets (Bartel, 2009; Lewis et al., 2005) . Like other biological molecules, a given miRNA may have different forms (isomiRs), which are the results of substitution, insertion or deletion (Morin et al., 2008) . Although in some literature these isomiRs have been described as sequencing/alignment artefacts, degradation of mRNAs, or as a result of different processing by Dicer/ Drosha, recently it was shown that not only these isomiRs are not artefacts, but also their expression is regulated spatially and temporally (Fernandez-Valverde et al., 2010; Lee et al., 2010) .
Our deep-sequencing results showed that about 65 % of mature miRNAs have a 59 U (Table 1) , which is a common characteristic of many miRNAs (Czech et al., 2008; Ghildiyal et al., 2010; Lewis et al., 2005) . In contrast to mammals, in which apparently there is no discrimination in sorting of small RNAs by Dicer among Argonaute (AGO) proteins, in insects two distinct dicers (Dicer-1 and Dicer-2) cleave small RNA duplexes, and then the processed small RNAs enter Argonaute1 (AGO1; miRNAs) or AGO2 (siRNAs) complexes (Czech & Hannon, 2011) . There are several factors that might affect sorting of small RNAs into AGO proteins. Regardless of structural properties of small RNA duplexes, which are very important in small RNA sorting into AGO proteins, it has been suggested that, because of the thermodynamic stability level of the paired ends of the duplex (Tomari et al., 2007) , Drosophila AGO1 favours 59 U while AGO2 favours 59 C (Czech et al., 2008; Ghildiyal et al., 2010) . We found that only 12 % of the identified miRNAs bear a 59 C.
miRNA-target interaction is based on base-pairing recognition, and it was recently reported that the GC content of the seed region can be considered as an indicator of basepairing strength (Carmel et al., 2012) . To test this, we calculated the GC content of mature miRNAs as well as their seed regions. We found that the GC content of the seed regions is slightly higher than that of the mature miRNAs (Fig. 4b) . However, miR-92a and miR-92b did not follow this trend. For these miRNAs, the mean GC content of mature miRNA (0.64) was more than that of the seed region (0.54). Also, we calculated the mean GC content of the first 10 nt positions to see whether this pattern is specific to a part of the seed region or extends along the sequence. Consistent with other studies (Lewis et al., 2005; Nielsen et al., 2007) , we found the lowest GC content at nucleotide 1 (as mentioned above, U was the predominant nucleotide at this position; Fig. 4c ). Positions 3-6 showed a specific pattern in which the GC content decreased from nucleotide 2 to 3, and next it increased to the highest level at nucleotide 4. Then, again the GC content decreased at nucleotide 5 followed by an increase at nucleotide 6. A similar GC content pattern was recently reported from D. melanogaster and B. mori miRNAs (Carmel et al., 2012) . Nucleotides 1 and 9 are confined to the miRNA seed region and are not involved in base pairing of miRNAtarget (Nielsen et al., 2007) . Therefore, the lower GC content in these positions may relate to this matter. miRNA GC content has been reported to vary in relation to the physiological temperature of a given organism; the higher the temperature of body/environment, the higher the GC content (Carmel et al., 2012) and, therefore, the greater the stability of miRNA-target binding.
miRNA diversification by seed shifting and arm switching
As mentioned earlier, variations in the 39 and 59 ends of a mature miRNA can produce different isomiRs. Although we showed that the overall variation frequencies of the 39 ends were more than those of the 59 ends, perhaps due to the presence of the seed region at the 59 end, nucleotide truncation and/or ddition were also found in the 59 end of some identified miRNAs (Fig. 4a) . We found 59 end nucleotide addition for five miRNAs (miR-278, miR-87, miR-31*, miR-3338 and miR-11*) and nucleotide truncation for 10 miRNAs (miR-184, miR-317, miR-71*, miR993a*, miR-283, miR-1175-5p, bantam*, miR-79, miR-274 and miR-137). These findings revealed that these miRNAs might have undergone seed shifting. In addition, the results showed that nucleotide truncation is more dominant in S. frugiperda. Both truncation and addition at the 59 end of miRNAs led to a shift in the seed region and can result in extensive changes in target repertories. Seed shifting 27  25  23  21  19  17  15  29  27  25  23  21  19  17  15  29   27  25  23  21  19  17  15  29  27  25  23  21  19  17  15 Number of reads (×1000) Fig. 2 . Length distribution of mappable reads obtained from deep sequencing of S. frugiperda mock-and AcMNPV-infected Sf9 cells. The sequence length distribution in Sf9 cells showed two peaks, one small peak at 21 nt, which is the typical length of mature miRNAs, and one bigger peak at 27 nt, which can be considered the size of PIWI-interacting RNAs (piRNAs).
has also been reported in other insects (Marco et al., 2010) .
In addition to miRNAs, we also identified a number of miRNA* strands (Table 1) . Mature miRNAs can be produced from both 39 and 59 arms of pre-miRNAs. To see the occurrence of miRNA* in other insects, we selected B. mori, D. melanogaster and T. castaneum and extracted related deposited data from the latest version of miRBase v19. Combining our data with those acquired from miRBase showed that the dominant sequence of mature miRNA in miR-276, miR-317, miR-8, miR-79 and miR-750 originates from the 39 arm, while in the case of miR-927, miR-281, miR-31 and miR-993a/b, most mature miRNAs come from the 59 arm (Fig. 5a ). Interestingly, in some cases, we could not find a uniform arm usage in different insects; our results indicated that about 98 % of S. frugiperda miR-10 were produced from the 59 arm, similar to T. castaneum. Another shift in arm usage was found in miR-71 where the 39 arm was the dominant arm in S. frugiperda, while in B. mori the majority of mature miRNAs originated from the 59 arm; T. castaneum showed almost equal usage from both 39 and 59 arms (Fig. 5a ). miR-278, miR-9c, miR-281, miR-79 and miR-993B also showed different arm usage in different insects. When we compared the overall arm usage in the case of these miRNAs, we found that in S. frugiperda and B. mori there is a slight bias towards 59 and 39 arm usage, respectively (Fig. 5b) . In T. castaneum there is a bias for 59 arms, whereas in D. melanogaster the 39 arm is preferred (Fig.  5b) . The data indicate that, although in some cases there are uniform biases for both arms, in most instances shown in Fig. 5 the same miRNA tends to have a different arm in different insects, which reveals a clear shift in arm selection. Different arm selection would lead to a mature miRNA with different sequences and, as a result, a complete change in miRNA function and targets. Arm shifting has already been suggested in 11 % of homologous miRNAs in D. melanogaster and T. castaneum, including the miR-10/100 family (Marco et al., 2010) , and it is thought that arm usage is determined by primary miRNA sequence . Along with previous reports, here we showed that arm shifting is a general phenomenon in miRNA evolution and causes miRNA diversification.
S. frugiperda novel miRNAs
To identify new S. frugiperda miRNAs, we selected those potential mature miRNA candidates with more than 17 nt and also read numbers of more than 10 in deep-sequencing results. Then, we mapped those potential candidates to the genome of B. mori to find the pre-miRNAs. Subsequently, we examined the secondary structure of the pre-miRNAs using Mfold (Zuker, 2003) and CLC Main Workbench (version 6). Using this approach, 13 new miRNAs were identified from Sf9 cells, which arise from 12 hairpin structures (Table 1 and Fig. S1 ). Nine of these miRNAs come from the 59 arms, while the rest (4 miRNAs) are produced from the 39 arms. Lengths of pre-miRNAs were different between 64 and 94 bp. Interestingly, PC-5p-224728 and PC-3p-49098 arise, respectively, from 59 and 39 arms of one pre-miRNA, revealing in this case that both arms of a hairpin structure could produce mature miRNA (Table 1 and Fig. S1 ). Pairwise alignment of the pre-miRNAs from these two miRNAs using miRBase v19 showed the highest similarity with bmo-mir-3257. While PC-5p-224728 lacked similarity with known mature miRNAs, PC-3p-49098 showed similarity with herpes simplex virus miRNAs (i.e. hsv1-miR-H12, hsv2-miR-H11-5p, hsv2-miR-H11-3p).
Considering that PC-3p-49098 showed a four-fold higher read number than PC-5p-224728 in deep sequencing, it can be assumed that PC-3p-49098 is the mature miRNA and PC5p-224728 is miRNA*. Due to low copy numbers of these new miRNAs (Table 1) , we could only detect the premiRNAs and not the mature miRNA (data not shown). Deep sequencing is a more sensitive technique and can detect even very low numbers of transcripts, while in Northern blot analysis it is hard to detect low copy RNA molecules.
Differential expression of S. frugiperda miRNAs following AcMNPV infection
Interaction of host-pathogen usually follows by altering levels of host gene expression either as a host defence or by maintaining a favourite environment for pathogens, and miRNAs might act as regulators of host/pathogen genes (Asgari, 2011) . Considering substantial differential gene expression in Sf9 cells following AcMNPV infection (Carinhas et al., 2011; Salem et al., 2011) , we questioned if the miRNA profile could be changed in response to viral infection. To explore this, we compared miRNA expression in mock at 24 h p.i. and 72 h p.i libraries. The majority of the identified miRNAs showed differential expression in response to AcMNPV infection, especially at 72 h p.i. (Fig.  6a, b) . While most of the highly expressed miRNAs were downregulated, expression of some miRNAs (e.g. miR-184, miR-998 and miR-10) was upregulated at 24 h p.i. However, expression levels of these miRNAs decreased at 72 h p.i. (Fig. 6b) . miR-3281, miR-3477, miR-927, miR279c, miR-2940* and miR-14 also showed increased expression levels in response to viral infection. Among the new miRNAs, expression levels of PC-5p-1954, PC-5p-14969 and PC-3p-2595 were increased by viral infection, whereas expression of other new miRNAs decreased.
To validate the differential expression of miRNAs, we selected six miRNAs and assessed their expression after infection using Northern blotting. Expression patterns were observed similar to the ones revealed by deep-sequencing data. miR-92b, for example, was downregulated until 24 h p.i., while after 90 h p.i. the expression level increased (Fig.  6c) . Expression of miR-184 increased at early hours postinfection; however, it showed downregulation 24 h p.i., which was also in agreement with deep-sequencing results. Expression levels of miR-279, miR-998 and miR-276* were almost the same, although there were some fluctuations in expression levels especially in miR-276* (Fig. 6c) .
sfr-miR-184 regulates several genes
High coverage of sfr-miR-184 in the deep-sequencing data as well as its differential expression after AcMNPV infection encouraged us to investigate its potential targets in S. frugiperda genes. Since the S. frugiperda genome has not yet been sequenced, we queried its reported genes and ESTs in NCBI against sfr-miR-184 using BLAST to find potential targets. The potential targets were further confirmed using RNAHybrid software (Krüger & Rehmsmeier, 2006; Table S3 ). All the targets that we found were in the coding region with complete complementarity in the seed region and minimum free energy of more than 225 kcal mol 21 (Table S3 ). The targets were dimethyl adenosine transferase, hydroxysteroid dehydrogenase, glycosyl hydrolase and transmembrane protein 14 C. To see whether sfr-miR-184 can affect transcript levels of the target genes, we transfected Sf9 cells with synthetic sfrmiR-184 mimic and inhibitor as well as mimic and inhibitor with random sequences as controls. Total RNA was extracted after 72 h of transfection, and the transcript levels of each gene were quantified by reverse transcriptase polymerase chain reaction (RT-qPCR) using gene-specific primers while utilizing actin as a reference gene (Table S4) . Results showed significant increases in the transcript levels of dimethyl adenosine transferase, glycosyl hydrolase and transmembrane protein 14 C in the presence of the inhibitor (P,0.01; Fig. 7a-c) . In contrast, hydroxysteroid dehydrogenase showed downregulation in the mimic transfected cells in comparison to mock and control cells (P50.05; Fig.  7d ). These results suggested that sfr-miR-184 might target transcripts of different genes and regulate them through upregulation or downregulation. miRNA-mRNA interaction usually leads to degradation of mRNA; however, in some cases it has been reported that miRNAs can stabilize and upregulate mRNA levels (Hussain et al., 2011; Ma et al., 2010; Vasudevan, 2012) . Here, we showed that sfr-miR-184 might regulate the transcripts of at least four different genes. Multiple targets of a particular miRNA have already been reported in mammals (Lewis et al., 2005) and insects (Hussain et al., 2013) . However, how regulation of the target genes by sfr-miR-184 affects viral replication requires further investigations, considering that the role of these proteins in viral replication has not been explored yet.
CONCLUSION
Here, we report identification of 90 conserved and new miRNAs from S. frugiperda cells (Sf9) using deep sequencing and bioinformatics together with experimental approaches. Sequence analysis of miRNAs revealed that S. frugiperda miRNAs share common features of miRNAs found in other insects and organisms. We found seed shifting and arm switching in our identified miRNAs, and by comparing with other insect miRNAs we further confirmed that arm switching has happened in different insects. Finally, we showed that baculovirus infection changed expression levels of the majority of miRNAs.
Many of the miRNAs were downregulated; however, some of those were upregulated in response to infection, revealing their potential roles in host-virus interaction.
METHODS
Cell culture and virus infection. The S. frugiperda cell line (Sf9) was maintained in SF900-II serum-free medium (Invitrogen) as a monolayer in a cell culture flask at 27 uC. For AcMNPV infection, 2610 6 cells were infected at an m.o.i. of 5 as described by King & Possee (1992) .
RNA extraction, small RNA deep sequencing and Northern hybridization. Total RNA was extracted from cells using Tri-reagent according to the manufacturer's instructions (Molecular Research Center). RNA concentrations were measured using a spectrophotometer, and integrity was ensured through analysis of RNA on a 1 % (w/v) agarose gel and bioanalyser. A small RNA library was generated from mock and AcMNPV-infected samples using the Illumina Truseq Small RNA Preparation kit at LC Sciences (Houston, USA). The purified cDNA libraries were sequenced on Illumina GAIIx, and raw sequencing reads (36 nt) were obtained using Illumina's Sequencing Control Studio software version 2.8 followed by real-time sequencing image analysis and base-calling by Illumina's Real-Time Analysis version 1.8.70 (LC Sciences).
Northern blot hybridization of small RNAs were carried out under high stringency conditions as described previously (Hussain & Asgari, 2010) .
Sequencing data analysis. In order to filter data from impurity sequences, reads without 39 adaptors and also reads with less than 15 bp were discarded and clean data considered as mappable reads for further analysis. To find conserved miRNAs, short reads from deep sequencing were mapped to B. mori genome sequences as a primary source of reference (S. frugiperda genome was not available at the time of analysis). Reads mapped to Repbase (http://www.girinst.org/ repbase) and Rfam (http://rfam.sanger.ac.uk) were removed before further analysis. In addition, reads mapped to B. mori protein coding mRNA sequences were considered to be degradation products and eliminated.
The filtered mappable reads were aligned against reported arthropod pre-miRNA sequences in miRBase, version 19 (Kozomara & GriffithsJones, 2011) . Subsequently, the reads were divided into five groups (G12G5) based on the criteria below. G1: the pre-miRNAs mapped to the B. mori genome. They consisted of reads that mapped to pre-or mature miRNAs from B. mori or other insects. Those reads which mapped to arthropod pre-miRNAs but for which the pre-miRNAs did not map to the B. mori genome, were divided into two groups. G2: reads that mapped to the B. mori genome and extended sequences in the B. mori genome potentially formed hairpins. G3: reads that did not map to the B. mori genome but mapped to mature miRNAs from other insects. G4: reads that did not map to known insect premiRNAs but mapped to the B. mori genome and extended sequences in the genome potentially formed hairpins. G5: reads as in G4 that did not form hairpins. Reads that did not belong to G1-G5 were considered as Nohit. RNAfold (Hofacker, 2003) was used to predict the secondary structures of the pre-miRNAs; if they had at least 18 bp in the stem region, only one central loop with less than 20 nt and minimum folding energy of less than 215 kcal mol 21 , the genomic loci were designated to the corresponding miRNAs.
In order to compare the miRNA profiles raised from three small RNA libraries (mock, 24 and 72 h p.i.), raw reads were combined and then mapped to the reference database in miRBase. The number of read copies from each sample was tracked during mapping and normalized for comparison. Normalization of sequence counts in each sample was achieved by dividing the counts by a library size parameter of the corresponding library. The library size parameter is a median value of the ratio between the counts of a specific library and a pseudoreference library. A count number in the pseudo-reference library is the count geometric mean across all samples. Finally, the values transformed into a log2 scale, and fold changes were presented in log2 scale.
miRNA target studies and RT-qPCR. NCBI BLAST and RNAHybrid were used to find potential targets of sfr-miR-184 in the nucleotide repository of S. frugiperda in NCBI. Complementarity of the seed region and minimum free energy of less than 223 kcal mol 21 were the main criteria used for target selection. Transcript levels of target genes were analysed by RT-qPCR utilizing actin as reference. For each experiment, three biological and three technical replicates were analysed in a Rotor-Gene thermal cycler (Qiagen) using SYBR Green (Takara) under the following conditions: 95 uC for 30 s, and 40 cycles of 95 uC for 10 s and 60 uC for 45 s, followed by the melting curve (68-95 uC). Primers are listed in Table S4 . sfr-miR-375 mimic, inhibitor, control mimic and control inhibitor (random sequences) sequences were synthesized by Genepharma and used in transfections in the Sf9 cell line using the Cellfectin reagent (Invitrogen). Mimics are chemically synthesized double-stranded RNAs that mimic mature endogenous miRNAs after transfection into cells. Inhibitors are single-stranded RNAs reverse complementary to miRNA sequences, which specifically bind to mature miRNAs and inhibit them from binding to target sequences. For transfections, Sf9 cells were resuspended and~1610 3 cells added to individual wells of a 12-well plate. Once the monolayers had formed (~1 h), medium was removed and a transfection medium was added. This medium consisted of 0.5 ml SF-900II, 8 ml Cellfectin (Invitrogen) and 500 ng mimic or inhibitor sequences or control mimics/inhibitors. The plate was then incubated at 27 uC for 48 h for analyses. ANOVA was used to compare differences in means between different treatments. Baculovirus infection and changes in host miRNA profile
